Populações de Eucalyptus grandis foram introduzidas no Brasil a partir de Queensland e New South Wales, Austrália. No entanto, no Brasil, estas plantas têm sido severamente prejudicadas pela ferrugem (Puccinia psidii Winter). Portanto, objetivamos estimar os parâmetros do sistema de reprodução e a herdabilidade para resistência a ferrugem em E. grandis por meio de um teste de progênies. Nós avaliamos a resistência a ferrugem em vinte e cinco progênies de polinização aberta, que foram severamente afetadas por P. psidii, utilizando quatro marcadores de microssatélites. A taxa de cruzamento foi significativamente menor do que a unidade ( = 0.782) e a diferença entre as taxas multilocus e unilocus foi significativamente maior do que zero ( = 0.077). Esses resultados mostram que algumas sementes eram endogâmicas como confirmado pelo índice de fixação ( = 0,144, P< 0,05). Além disso, a correlação de paternidade ( = 0,102) indicou um pequeno número de irmãos-completos dentro de progênies. O coeficiente de parentesco estimado dentro de progênies ( ) foi significativamente maior (0,421) do que o esperado para meios--irmãos (0,25). O coeficiente de herdabilidade entre progênies ( = 0,956), bem como em nível individual ( = 0,634) e dentro de progênies ( = 0,515) foram elevados. Nossos resultados evidenciaram forte controle genético para o caráter resistência à ferrugem, indicando que o melhoramento dessas populações pode ser feito pela seleção massal ou pela seleção simultânea entre e dentro de progênies.
INTRODUCTION
Eucalyptus grandis Hill. ex Maiden is a timber species occurring naturally in Australia and has a rapid growth under tropical and subtropical conditions. Its wood has good quality for pulp and paper, sawmill, and hardboard industries (MIRANDA et al., 2013) . In Brazil, however, a lot of species of the genus Eucalyptus have been damaged by diseases such as rust (Puccinia psidii Winter), which represents today one of the most harmful diseases affecting them (PINTO et al., 2014) .
This fungal disease is able to overcome adverse environmental conditions causing, as a result, expressive losses to commercial plantations. In Brazil, it was first described in 1944, in seedlings of E. citriodora (currently named Corymbia citriodora) in the state of Rio de Janeiro (JOFFILY, 1944) . Nevertheless, the first alarming report came in 1973, when 400,000 seedlings of E. grandis were affected in the state of Espírito Santo (FERREIRA, 1989) . Despite the damages caused by rust, outbreaks occur sporadically (FERREIRA, 1989) . In 1980, a severe outbreak jeopardized around 300 ha of six-month-old E. grandis plantation established by Vale do Rio Doce, in the state of Minas Gerais (FERREIRA, 1989) . Later, in 1991, rust outbreaks were then recorded in forested areas under reform in Paraíba Valley, in São Paulo state; from 1996 and beyond, the disease spread over the entire state (TAKAHASHI et al., 1997) . Currently, the disease still affects vulnerable provenances of eucalyptus with less than 2 years, in the states of São Paulo, Minas Gerais, Bahia, and Espírito Santo which are the main producers of wood from these species.
The unfeasibility of chemical control and the lack of registered products have called the attention of the forest companies towards the use of resistant plants to overcome the disease (RUIZ; ALFENAS, 1989; TAKAHASHI et al., 1997) as it may be an effective method of control. Eucalyptus breeding programs have reached significant gains in Brazil. This success is due to the application of quantitative genetics and molecular techniques such as DNA markers, which have contributed to the development of resistant materials. Hence, genetic parameters are crucial to defining the breeding strategies since heritability is one of the most important factors influencing the effectiveness of selection. Therefore, it is of utmost relevance to find methods that reduce the high time-consuming normally spent in progeny tests (VASCONCELLOS; VALOIS, 1986) .
Plant breeding programs have used molecular markers, directly and indirectly, to assist breeders in selecting genes of agricultural or forestry interest, by characterizing and identifying clones (parental and phylogeny tests), as well as planning crosses (FUCHS et al., 2015; VAILLANCOURT et al., 1998) . BRONDANI et al. (1998) listed a few comparative advantages of these genetic markers regarding co-dominance inheritance, such as multiallelism. Multiallelic microsatellites increase the chances of genotype uniqueness within a population, enabling individual identification and monitoring of gene flow mediated by pollen and seed dispersal (BUTCHER et al., 2000) .
This study aimed at estimating the heritability coefficients for rust resistance in seedlings of E. grandis affected by P. psidii through progeny testing and to identify resistant progenies for further cloning. Moreover, since heritability is affected by the degree of relatedness within a progeny, as well as the composition of open-pollinated progenies such as self-sibs, half-sibs, full-sibs, and selfhalf-sibs (NAMKOONG, 1966; SEBBENN, 2006; SQUILLACE, 1974) , we analyzed mating system parameters to estimate relatedness coefficients using four microsatellite loci. Accordingly, these coefficients were used to correct any additive effect of genes, obtaining more accurate estimates of the coefficient of heritability.
MATERIAL AND METHODS

Field methodology and disease evaluation
Eucalyptus grandis progeny seedlings were planted in July of 2001, in São Miguel Arcanjo -SP, Brazil (latitude 23º52'42" S and longitude 47º59'50" W Zamprogno et al. (2008) . In such proposal, "0" stands for a plant free from symptoms (healthy plant); "1" is for few rust pustules on the leaves; "2" is for typical rust pustules, usually sparse and only occasionally abundant on a limb and young leaves; and "3" is for a plant with typical pustules being abundant on stem, petioles of younger leaves and on the ends of branches and main stem, compromising apical dominance (apical necrosis). The assessments were performed by observing pustule shape, distribution, and frequency of affected plants, in addition to assessing plant field performance. The field data were collected in September of 2003 when plants were two years old. A variance analysis was performed by converting data into (MIRANDA et al., 2013) , in which x is the score of a plant. The data normality was tested by the Shapiro-Wilk's W test (SAS, 1999) , which showed a normal distribution (W = 0.9479, P = 0.0016).
Microsatellite analysis
Leaves were randomly collected from eight individuals of each progeny; thus, genetic analysis was based on a set of 200 samples. DNA was extracted according to Doyle and Doyle (1990) . We have tested ten loci among those proposed by BRONDANI et al. (1998) , which were obtained from the four most polymorphic ones, being enough for a mating system analysis (RITLAND; JAIN, 1981) . Amplifications were carried out using an MJ Research, Inc. PTC-100 Programmable Thermal Controller thermocycler. The thermocycler profile was as follows: 2 min at 96 °C, 33 cycles of 1 min at 94 °C, annealing at 56 °C 1 min and extension at 72 °C for 2 min and a final extension step of 72 °C for 5 min. The total volume of the mixture was 12.7 μL. The reagents included 1μL PCR buffer 10x, 3 μl DNA (4 ng / μL), 0.6 μL of each primer (10 μM), 1 μL dNTP solution (0.5 mM), 0.125 μL (1 U) of Taq DNA polymerase (Invitrogen Life Technologies) and 0.39 μL of MgCl 2 (50 mM) supplemented with 6 μL MilliQ water. The amplification products were electrophoresed on 3% agarose gel, stained in an ethidium bromide bath at 2% (2 ml in 1.5 L of water for 1 hour), and observed under ultraviolet light.
Mating system analysis
The mating system of the progenies was analyzed under mixed-mating and selfing models (RITLAND; JAIN, 1981; RITLAND, 1989) , with the aid of multilocus MLTR software version 3.1 (RITLAND, 2002) . The estimated parameters were pollen and ovule allele frequency, fixation index of mother trees ( ), multilocus ( ) and single-locus ( ) outcrossing rates, as well as the rate of mating among relatives ( ), selfing ( ) and paternity correlation ( ). The 95% confidence interval (95% CI) of the estimated parameters was calculated based on 1,000 bootstraps among individuals within a progeny array. The mating system parameters were used to estimate effective number of pollen donors ( ), as proposed by Ritland (1989) . Moreover, we estimated pairwise relatedness for self-sibs ( ), half-sibs ( ), full-sibs ( ), and self-half-sibs [ ], and mean relatedness coefficient within progeny array (SEBBENN, 2006) . In order to estimate , the negative values were assumed as zero, since was derived from inbreeding coefficient (range from zero to 1) and not from fixation index (range from -1 to 1).
, where is the selfing correlation, (RITLAND, 1989, used in place of C 1 ). Progeny inbreeding was quantified using the fixation index, , wherein and are observed and expected heterozygosity, respectively (NEI, 1978) . Plants from the same progeny display at least one of the maternal alleles, which can overestimate the gene frequencies. Therefore, among progenies was estimated using of the population, and for gene frequencies of the pollen pool.
was estimated using the FSTAT software (GOUDET, 1995), and by the equation , wherein is the allele frequency at each locus (NEI, 1978) . The statistical significance of values was tested by permuting alleles across individuals by FSTAT, which was also used to estimate the total ( ) and the mean number of alleles per locus ( ). The 95% CI of these measures was estimated by the following equations:
Variance analysis and estimation of genetic parameters
The variance analysis (ANOVA) in this study was based on polygenic inheritance of rust resistance, even if some studies have found that it is associated to other major genes (KUHLMAN et al., 1997) . ANOVA was carried out on individual tree data for each progeny test using the GLM procedure (SAS, 1999) . Variance components were estimated by the option restricted maximum likelihood (REML) of the VARCOMP procedure for unbalanced data, following the linear statistical model below:
, where:
is the phenotypic value of the k th individual of the jth progeny and the ith replicate (block);
is the mean term; is the fixed effect of the ith replicate; is the random effect of the jth progeny; is the random effect of the interaction between the jth progeny and the ith replicate; is the random effect of the kth tree within the jth progeny of the ith replicate; i = l,..., b (b is the number of replicates); j = 1,..., p (p is the number of progeny); k = l,..., n (n is the harmonic mean of trees per plot).
From the ANOVA the following components were estimated: (variance among progenies); (variance of the interaction between progenies and replicates);
(phenotypic variance within plots), (total phenotypic variance, ); (additive genetic variance, where is the average coefficient of relatedness within progenies). The was estimated for two models: i) assuming that the open-pollinated progenies were generated by random-mating system and were half-sibs; and ii) assuming that the open-pollinated progenies were generated by mixed-mating system and were composed of a combination of different relatedness levels such as self-sibs, halfsibs, full-sibs and self-half-sibs (SQUILLACE, 1974) . The coefficients of heritability were estimated as described by Namkoong (1979) , in which the individual heritability ( ) was calculated by:
,
The mean heritability among progenies ( ) by:
and, finally, The mean heritability within progeny ( ) by:
RESULTS AND DISCUSSION
Mating system
Because of technical difficulties in microsatellite amplification, mating system and genetic diversity analyses were based on four to eight genotypes of the progenies, totaling 184 samples. The fixation index of mother plants ( ) estimated for progenies was lower than zero, indicating the absence of inbreeding (Table 1 ). The multilocus outcrossing rate was significantly lower than unity ( = 0.782, P< 0.05), which ranged among seed trees from 0.347 to 1.0 (Figure 1 ), suggesting in this case self-fertilization ( 0.218). Considering the 95% CI, the difference between multilocus and single-locus outcrossing rates was significantly higher than zero ( = 0.077), which denotes mating among relatives. The selfing correlation ( ) was significantly higher than zero ( = 0.729), showing significant individual variation in outcrossing rate (Figure 1) . The paternity correlation ( = 0.102) was significantly higher than zero (P< 0.05), and within progeny varied from 0.059 to 0.205 ( Figure 1) ; therefore, a few individuals are full-sibs within a progeny. The seed trees were effectively fertilized by mean of 9.8 pollen donors ( ), and the progenies were mainly compounded by half-sibs ( = 0.55) and self-half-sibs ( = 0.34). Thus, the mean relatedness coefficient within progeny ( = 0.421) was significantly higher than expected in half-sib progenies ( = 0.25). The mean number of alleles was 3.7, and observed ( ) and expected ( ) heterozygosity were 0.527 and 0.615, respectively. The fixation index for mean progeny was significantly higher than zero ( = 0.144), which denotes inbreeding occurrence.
There was a significant difference for rust resistance among progenies. The heritability coefficient among progenies ( = 0.956) was close to unity, which means this trait is under strong genetic control and the population can be improved by selection. For half-sibs within the same progeny, the heritability coefficient at the individual level ( = 1.067) and within the progeny ( = 1.121) were higher than unity, showing that the model was inadequate to estimate these parameters. However, these numbers decreased when the additive genetic variance for mating system parameters was adjusted, obtaining reliable values for the estimates ( = 0.634; = 0.515). Therefore, it is important to keep the hypothesis of easy control of rust resistance by means of mass selection between progenies, or even within the same progeny.
Mating system analysis showed different degrees of relatedness among individuals, besides inbreeding from selfing and mating among relatives. Therefore, in this case, heritability estimates for quantitative traits should consider such relatedness and inbreeding level to avoid overestimations (NAMKOONG, 1966; SEBBENN, 2006; SQUILLACE, 1974) . The 25 mother trees, from which the studied progenies were originated, were not inbred ( < 0, Table 1 ). Although the estimated outcrossing rate ( ) indicated that seeds of the progeny test were predominantly originated from outcrossing (0.782), there is a high variation among progenies (from 0.347 to 1.0), and many seeds were inbred by selfing in accordance with the progeny considered (Figure 1 ). We also detected certain levels of mating among relatives ( = 7.7%), which means that some outcrossed seeds are inbred. Both selfing and mating among relatives have contributed to the total inbreeding ( = 0.144). Furthermore, full-sibs were detected for some outcrossed seeds ( = 0.102) by the paternity correlation ( ). Thus, the progeny test showed mixtures of self-sibs, half-sibs, full-sibs, and selfhalf-sibs within progenies, besides unrelated individuals (among progenies), resulting in a mean relatedness ( = 0.421) within progenies higher than the expected for half-sibs ( = 0.25).
Selfing, mating among relatives, and correlated matings in E. grandis are similar to other studies on other species of the genus Eucalyptus. In E. grandis, outcrossing rates were estimated to range from 0.34 to 1.0 (BURGESS et al., 1996; CHAIX et al., 2003; JONES et al., 2008; BELL, 1983) and for the hybrid E. grandis x urophylla from 0.86 to 0.93 (GAIOTTO et al., 1997; SILVA et al., 2015) . In E. rameliana, the outcrossing rate was estimated at 0.89 and parental correlation at 0.09 (SAMPSON, 1998 ). Yet in E. camaldulensis, the outcrossing rate was estimated to be between 0.878 to 0.874, and the parental correlation from 0.079 to 0.355 (BUTCHER; WILLIANS, 2002) . Finally, in E. globulus, the outcrossing rate was estimated at 0.561 and parental correlation at 0.669 (PATTERSON et al., 2004) .
Genetic control of rust resistance
Our results showed that rust resistance is under high genetic control. Among progenies, the heritability was close to the unit ( = 0.956); thereby one or a small number of loci control the trait, making genetic selection feasible. Other studies carried in Brazil with nine E. grandis progenies found similar results of for rust resistance (mean 0.91). Teixeira et al. (2009) proposed that a majoreffect locus could explain the resistance to P. psidii, since there are at least three different alleles with interactions among them, which would result in susceptibility or resistance phenotype. Equally, we observed a high genetic control at the individual level and within progenies. Nevertheless, assuming that within progeny plants are half-sibs and had heritability coefficients at the individual level ( = 1.067) and within progeny ( = 1.121) higher than the unity, which is the maximum value expected for these parameters; thus, we may assume the model was inadequate and may overestimate the parameters. We can clearly say that the cause was due to a wide range of relatedness levels within a progeny, which was originated from selfing and correlated matings detected by the mating system analysis through microsatellite loci. When we adjusted the additive genetic variance estimate for mating system parameters, these coefficients decreased ( = 0.634 (NAMKOONG, 1979) . On the other hand, even if and decreased after adjusting additive variance with mating system parameters, the adjusted values would continue to support a high genetic control of the resistance trait and a potential population improvement by mass selection. On the other hand, Miranda et al. (2013) detected a low genetic control by means of individual heritability ( ranging from 0.06 to 0.46, with a mean of 0.24) and within progeny ( ranging from 0.04 to 0.34, with a mean of 0.16), studying nine E. grandis populations through progeny testing in Brazil. In another study, Pinto et al. (2014) found moderate (heritability at the individual level) and high (among progenies heritability) heritability for rust resistance in E. dunni under controlled and field conditions. The differences between the above-cited studies and ours are because the heritability is a parameter that interacts with the environment. Additionally, Miranda et al. (2013) corrected the additive genetic variance using the relatedness coefficient, which was not calculated for each individual population but on the basis of mean outcrossing rate, selfing correlation ( ) and parental correlation ( ) from five different eucalyptus species (E. camaldulensis, E. globulus, E. morrisbyi, E. rameliana and E. marginata).
CONCLUSION
The characterization of mating systems using molecular markers showed that open-pollinated progeny test is not really a half-sib progeny test, since there is a wide range of relatedness levels within progenies from selfing and correlated matings, as well as inbred individuals. These facts resulted in overestimations of the genetic control of rust resistance among progenies and within progeny. However, after making the proposed correction, the estimates of the magnitude of the genetic influence on rust resistance showed the feasibility of improving the population of Eucalyptus grandis by mass selection among and within progenies.
